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Introduction
Hydrogenases (H 2 ases) catalyse the reversible inter-conversion of protons and hydrogen cluster. This suggests then that mononuclear iron complexes which possess a close structural resemblance with the distal iron centre may catalyze proton reduction as electrons can be delivered directly from an electrode. However, in comparison to the efforts directed toward diiron complexes, relatively little attention has been paid to mononuclear iron complexes [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] even though the iron-porphyrin complex, [(TPP)Fe(Cl)] (TPP = tetraphenylporphyrin), was shown to catalyse proton reduction in 1996 [6] . More recently, proton reduction by a number of mononuclear iron complexes has been reported [7] [8] [9] [10] [11] [12] [13] [14] [15] ; for example, Winkler and co-workers explored fluorinated diglyoxime-iron complexes [7] , Artero and Fontecave utilised a cyclopentadienyl complex [8] and an iron polypyridyl complex was found to catalyse H 2 formation from aqueous solutions with turnover frequencies of up to 3000 s -1 [13] . The catalytic pathway(s) for all of these electronically saturated catalysts is proposed to involve loss of a coordinated ligand upon reduction thus creating a vacant coordination site which can accommodate the incoming proton(s) [7, 8] . In contrast, mononuclear iron catalysts developed by Ott and co-workers (Chart 1b) [9] , that have a close structural resemblance to Fe d of the active site of [FeFe]-H 2 ases operate in a different fashion. These octahedral complexes undergo reversible protonation at sulphur and show two catalytic waves with different turnover rates, indicating that H 2 production occurs via two pathways [9] . Theoretical studies support a mechanism in which protonation at sulphur followed by an one-electron reduction results in Fe-S bond scission to form a pentacoordinated iron(II) intermediate (Scheme 1). The latter either protonates at the metal centre and then undergoes subsequent reduction at the same potential, or reduces at a more negative potential followed by protonation at metal centre to give a neutral hydride species. Interaction between the basic iron-bound hydride and the acidic sulphur-bound proton leads to the formation of H 2 , regenerating the catalyst. Since a vacant coordination site is necessary to reduce protons at the iron centre, a number of square-pyramidal 16-electron iron complexes have also been tested by Ott [10, 11] and Jones [12] . The solid-state structures of 1-3 are similar and all adopt 'all-cis' (Chart 2) isomeric form, which is also the predominant species in solution. Unfortunately disorders associated with residual solvent in 1 and the phenyl rings of the thiolate ligands in 2 lead to poor overall structural models which preclude a detailed discussion of structural parameters. Nevertheless, the structures provide sufficient information about the geometry of the molecule and the orientation of the ligands and are shown in Figs. S2 and S3. In both, the iron adopts a distorted octahedral geometry with the carbonyls and thiolate ligands in mutually cisorientations. We obtained better quality crystals of 3, the structure of which is shown in Fig.   1 , with the caption containing selected bond lengths and angles. Both the carbonyls and the thiolate ligands adopt cis-configuration. The coordination geometry around iron can be best described as a distorted octahedron, which is evident from the reduction of P-Fe-P chelate angle and expansion of the S-Fe-S angle to 86.33 (2) 
Reactions with acid
We next assessed the proton-binding ability of 1-3, since the coordination of the proton(s) at the active centre of a catalyst is a key step in the electrocatalytic conversion of protons to hydrogen. blue shift of the highest energy absorption suggests that the iron loses significant electrondensity during the process. We propose that after protonation at sulphur a penta-coordinated cationic species, (1') + , may form upon loss of C 6 F 5 SH from 1H + (Scheme 3). As trigonal bipyramidal complexes are generally highly fluxional, the resultant species may adopt different isomeric forms in solution. As far as we are aware, there is no precedence of such cationic penta-coordinated species of iron. spectroscopy were unsuccessful which we assume is due to the fluxionality and instability of the resulted penta-coordinated cationic species. 
Electrochemistry and catalysis
In order to asses the proton reduction ability of Wave number (cm -1 )
Transmittance quasi-reversible reduction at E 1/2 = -1.43 V (Fig. 4a ) the reversibility of which does not improve as the scan rate is varied followed by an irreversible reduction at E p = 2.45 V.
Complex 1 also exhibits an oxidation at E p = 0.80 V which shows some reversibility at slow scan rates (≤ 0.5 V/s). Upon addition of one equivalent of HBF 4 ·Et 2 O, the CV now shows three new reduction peaks at E p = -0.95, -1.35 V and -1.95 V (Fig. 4b) , the first reduction showing a ca. 0.5 V positive shift upon protonation. The peak current of this peak did not increase with increasing acid concentration but those of the second and third waves increased sequentially upon addition of acid being characteristic of proton reduction (Fig. 4c ). After addition of ca. ten equivalents of acid the peak potential (E p ) of the second wave shifted to ca. -1.6 V and the i cat /i p ratio is estimated at 46. The third reduction wave shifts to -2.20 V (a negative shift of -0.25 V) upon addition of two equivalents of acid and the peak height of this wave increases gradually with the acid concentration, showing an i cat /i p ratio of 27 after addition of ten equivalents of acid. Usually for mononuclear catalysts, the observation of two catalytic waves with distinct peak currents indicates production of hydrogen via two pathways [9] with the catalyst being more efficient at more negative potentials. But in the case of 1, the catalyst shows better efficiency at the second reduction wave as compared to that at the third. Taking account of this, together with the -0.25 V negative shift of the third reduction wave upon addition of two equivalents of acid, we suggest that 1 degrades to some unidentified species which is responsible for catalysis at the third reduction wave. A speculative pathway for electrocatalytic proton reduction by 1 is shown in Scheme 4. The first step is the reversible protonation at sulphur to give 1H + followed by reduction at E p = -0.95 V, the latter being accompanied by loss of thiol to form 1ʹ [9] . This 17-electron pentacoordinated species has a vacant coordination site but may not be basic enough to bind a proton. It therefore undergoes a second reduction (at E p = - CVs of 2 and 3 are relatively complicated as compared to that of 1 probably due to the increasing amount of 'S-trans' isomer in solution (Chart 2). The CV of 2 shows an irreversible reduction at E p = -1.55 V followed by a second reduction at E p = -2.03 V ( (Fig. 6) show that the catalytic efficiency of 1 is far better than that of 2 and 3, as the limiting current observed for the later two complexes are almost negligible compared to that of 1. Usually the limiting current (catalytic efficiency) increases as the basicity of the metal centre is increased. The opposite trend observed for this series is probably related to the instability of these complexes in the presence of HBF 4 ·Et 2 O. As discussed in the previous section, loss of a thiol after protonation at sulphur is relatively fast for 2 and 3 as compared to 1, which also explains the unresolved catalytic currents observed in the CVs of 2 and 3. 
Conclusions
Mononuclear iron(II) bis(thiolate) complexes 1-3 have been synthesized and tested as catalysts for electrocatalytic proton reduction. The crystal structures show that the thiolate ligands adopt an all cis-configuration in the solid-state, but exist in both cis-and transconfigurations in solution. Their redox response is highly sensitive to the nature of thiolate ligand. As expected, complex 1 with electron-withdrawing fluorine substituents, reduces at least negative potential but its oxidation potential is the most positive. Although the redox features in their CVs are quite different from each other, all undergo a quasi-reversible reduction at a relatively mild potential as compared to the corresponding diiron hexacarbonyl [16, 22] . All protonate at sulphur upon addition of acid and lose a thiolate ligand as thiol.
While all three catalyze proton reduction at mild potentials, the efficiency of 1 is far better than 2 and 3 which we attribute due to the greater stability of 1 in presence of acid. 
Experimental General
All reactions were carried out under a dry, oxygen-free nitrogen atmosphere using standard was used for all electrochemical measurements. Catalysis studies were carried out by adding equivalents of HBF 4 ·Et 2 O (Sigma-Aldrich).
X-ray crystallography
Single-crystal X-ray diffraction experiment for 1-3 were conducted on a Rigaku Saturn CCD diffractometer (λ = 0.6889 Å) on Station I19 at the Diamond Light Source [23] .
Crystallographic data for 1: red plate, dimensions 0.004  0.004  0.001 mm have been investigated as electrocatalysts for the reduction of protons to hydrogen.
